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Abstract

1. Organisms can respond to changing climatic conditions in multiple ways including changes in 

phenology, body size or morphology, and range shifts. Understanding how developmental 

temperatures affect insect life-history timing and morphology is crucial because body size and 

morphology affect multiple aspects of life history, including dispersal ability, while phenology can 

shape population performance and community interactions.

2. We experimentally assessed how developmental temperatures experienced by aquatic larvae 

affected survival, phenology, and adult morphology of dragonflies (Pachydiplax longipennis). 

Larvae were reared under 3 environmental temperatures: ambient, +2.5 °C, and +5 °C, 

corresponding to temperature projections for our study area 50 and 100 years in the future, 

respectively. Experimental temperature treatments tracked naturally-occurring variation.

3. We found clear effects of temperature in the rearing environment on survival and phenology: 

dragonflies reared at the highest temperatures had the lowest survival rates, and emerged from the 

larval stage approximately 3 weeks earlier than animals reared at ambient temperatures. There was 

no effect of rearing temperature on overall body size. Although neither the relative wing nor 

thorax size was affected by warming, a non-significant trend towards an interaction between sex 

and warming in relative thorax size suggests that males may be more sensitive to warming than 

females, a pattern that should be investigated further.

4. Warming strongly affected survival in the larval stage and the phenology of adult emergence. 

Understanding how warming in the developmental environment affects later life-history stages is 

critical to interpreting the consequences of warming for organismal performance.
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Introduction

Most habitats are experiencing increasing temperatures as a consequence of climate change 

(IPCC, 2007). Environmental warming affects the thermal regime experienced by the 

organisms that occupy these habitats, and developmental processes are likely to be 

especially sensitive to warming because multiple aspects of development are affected by 

temperature. Two of the three widely-recognized biological responses to climate change, 

phenological shifts (Parmesan, 2006; Forrest & Miller-Rushing, 2010) and reduced body 

size (Gardner et al., 2011; Sheridan & Bickford, 2011), can be directly affected by thermal 

influences on the rate and progress of development. Further, the combined effects of thermal 

influences on developmental processes could indirectly affect the third major biological 

response to climate change, range shifts, through effects of body size on dispersal ability 

(McCauley & Mabry, 2011). Understanding how environmental warming affects 

developmental timing, growth, and morphology can provide critical insights into how 

climate change will affect the performance of species.

Phenological shifts appear to be one of the most common responses to climate change across 

taxa, with many species having key spring life-history events (e.g. flowering, emergence 

from diapause) shifted forward seasonally (Parmesan, 2006; Diez et al., 2012). Phenology 

can have a range of effects on ecological processes, and phenological shifts may results in 

species being exposed to abiotic conditions which they have not previously experienced. For 

example, advanced phenologies can negatively affect species by exposing them to late 

season winter weather events (Inouye, 2008). When interacting species have different 

phenological responses to climate change, the nature and strength of those interactions may 

also be affected (Parmesan, 2006; Yang & Rudolf, 2010). Species that experience large 

phenological shifts may interact with a different suite of species, or with different 

developmental stages of species with which they have previous interacted, and these 

changes can alter the outcome of interspecific interactions (Yang & Rudolf, 2010). Species 

phenological patterns can arise from the effects of multiple cues interacting with genotypic 

and phenotypic differences among individuals within a population (Visser et al., 2010; 

Wilczek et al., 2010), but the increased pace of development in warmer environments is 

expected to be especially important for many ectotherms (Gillooly et al., 2002; Angilletta et 

al., 2004) including odonates (Doi, 2008). It has been estimated that 80% of metazoan 

animal species have complex life-cycles (Werner, 1988), and one of the most critical life-

history events for these animals is the transition to the adult stage. Because many animals 

with complex life-cycles are also ectothermic, these animals are especially likely to exhibit 

changes in growth and developmental rates that alter the phenology of metamorphosis or 

transition to the adult stage.

The effects of temperature on developmental processes in ectotherms often have lasting 

consequences for adult body size, and declines in body size appear to be a general response 
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to environmental warming across taxa (Gardner et al., 2011; Sheridan & Bickford, 2011). 

The dominant pattern in ectotherms is a negative relationship between developmental 

temperature and body size (a “hotter is smaller” rule; Atkinson, 1994, 1995; Kingsolver & 

Huey, 2008), although exceptions do exist. The mechanisms driving this pattern may vary 

between species and are still not completely understood for many groups, but accelerated 

development under warmer conditions is a critical component (Forster et al., 2011; Callier & 

Nijhout, 2013; Ghosh et al., 2013). Declining body sizes can affect diverse processes, from 

individual performance to energy transfers within ecosystems.

Absolute body size affects many aspects of performance, but allometry and patterns of 

morphological allocation also critically affect the ability of organisms to perform different 

functions. Studies examining responses of body size to temperature often use a single 

measure of body size rather than considering allometric variation in response to the thermal 

environment. However, in studies in which multiple aspects of morphology have been 

measured, differential responses across morphological features have been observed 

(Shingleton et al., 2009; Reiskind & Zarrabi, 2012). Organisms may respond adaptively by 

increasing allocation to structures related to dispersal when conditions in the developmental 

environment are sub-optimal; such modifications could be an adaptive response allowing 

escape from adverse conditions (Dingle, 1996; Zera & Denno, 1997). Alternatively, 

developmental constraints such as time limitations may change allometric patterns without 

increasing fitness (Tobler & Nijhout, 2010). Patterns of allocation to dispersal related 

morphology can generate maintenance costs (Dudley 2000) and generate trade-offs with 

other functions (Hill et al., 1999a,b; Karlsson & Johansson, 2008).

The effects of temperature on developmental timing, growth, and morphological allocation 

all affect individual performance, and may indirectly affect population-level processes. 

However, temperature can also directly affect populations by altering birth and death rates. 

For populations of reproductively immature organisms, birth rates are a potential future 

consequence of the carry-over effects of the developmental thermal environment. In 

addition, death rates in such populations are often high and can be influenced by factors that 

do not directly cause death, but can increase the risk of mortality in response to other 

mortality agents (e.g. McCauley et al., 2011). For example, both low and high temperatures 

can be stressors that make developing organisms more sensitive to nutritional deficits (Petter 

et al., 2014), disease or parasites (Fellowes et al., 1999; Thomas & Blanford, 2003), and 

other stressors (Janssens & Stoks, 2013; Kimberly & Salice, 2013; Rohr & Palmer, 2013). 

Further, these different stressors may also act synergistically to increase mortality risk 

(Darling & Côté, 2008).

We examined how environmental warming affects multiple life history and morphological 

traits in dragonflies (Odonata: Anisoptera), including larval survival, timing of 

metamorphosis to the adult stage, and adult body size and morphology. Adults emerging 

from this experiment were also individually marked and released - we attempted to resight 

these individuals to follow their dispersal behaviour and assess how larval developmental 

conditions and adult traits affect dispersal and survival of adults. Freshwater organisms such 

as dragonfly larvae appear to be especially sensitive to body size declines induced by 

environmental warming (Forster et al., 2012), but significant gaps remain in our 
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understanding of how warming affects most freshwater species. Evidence that dragonflies 

are affected by and responding to climate change is growing (Hassall & Thompson, 2008), 

and includes substantial evidence of advancing phenologies in natural populations (Hassall 

et al., 2007; Dingemanse & Kalkman, 2008; Richter et al., 2008) and experimental work 

showing a strong link between temperature and phenology for odonates (Richter et al., 

2008). Further, the ranges of many European species are shifting north, apparently tracking 

changing temperatures (Hickling et al., 2005; Flenner & Sahlén, 2008; Grewe et al., 2013).

The response of dragonflies to environmental warming will have effects that extend beyond 

these populations. Disruption of top consumer populations by climate change can have 

effects that permeate entire communities, and are expected to be especially disruptive to 

community structure (Zarnetske et al., 2012). Therefore, understanding the effects of 

environmental warming on dragonflies, which are the top predator in many freshwater 

habitats that lack fish (McPeek, 1990), may have far-reaching implications for community 

structure. Dragonflies have a critical role as a link between freshwater and terrestrial 

communities (Knight et al., 2005), suggesting that effects of climate change on dragonflies 

may extend beyond the freshwater environment and have the potential to alter processes 

across ecosystem boundaries. To determine the effects of warming in this system, we reared 

larvae under experimental conditions simulating the thermal environment predicted for 50 

and 100 years in the future (Cayan et al., 2009). By examining multiple responses to the 

thermal conditions of the freshwater habitats in which these animals develop, we can make 

predictions about how warming from climate change will affect performance at the 

individual level including the effects on dispersal performance, and the implications of this 

for the communities in which these species are embedded.

Materials

Study species

We conducted this experiment with the dragonfly species Pachidiplax longipennis 

(Burmeister, 1839), which is widely distributed across North America and abundant in 

northern California, where our study was conducted. While P. longipennis can vary in its 

life-cycle length including semi-, uni-, and bi-voltine strategies (reviewed in Corbet et al., 

2006), observations over several years indicate that in our study region P. longipennis is uni-

voltine; breeding and egg laying occur during the summer and individuals overwinter in an 

aquatic larval stage, and emerging as aerial adults the following summer (McCauley, 

personal observation). Lifetime dispersal occurs across the summer flight season, and male 

breeding dispersal distance averages 400 m (McCauley, 2010).

Egg collection

We collected P. longipennis eggs during June and July 2012 from females flying at ponds 

on the Wantrup Wildlife Sanctuary (Napa County, California, 38°35’58.07”N, 

122°22’13.10”W). We captured adult females or mating pairs with aerial insect nets, then 

collected eggs by gently holding the female's wings together while dipping her abdomen 

into a cup filled with pond water until eggs were released. After egg collection was 

complete, females were marked with permanent ink on the wing to prevent repeated 
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sampling from the same individuals and then released. Eggs were then transported to our 

rearing facility at the Quail Ridge Reserve (Napa County, California, 38°28’58.72” N, 

122°8’58.17” W, hereafter: QRR), approximately 40 km southeast of the collection site, 

where they were kept overnight in a climate-controlled room. The following morning 

clutches were checked to see if they had tanned, an indication that clutches were fertilized, 

before being placed into rearing tanks. A total of 27 fertilized clutches were collected and 

placed in rearing tanks.

Rearing conditions

Clutches were initially placed into a 1,153-L cattle tank filled with well water, leaf litter 

(primarily oak, Quercus spp. the dominant trees in this region which form an important 

component of the allochthonous debris entering local ponds), and structure provided by 

polypropylene rope tied to stainless steel washers. On August 5, 2012, larvae were 

transferred to 416-L experimental rearing tanks. Fifty larvae were randomly assigned to each 

rearing tank. This is a lower density than has been estimated for natural populations of larval 

P. longipennis (Morin, 1984). During the experimental set-up, 100 larvae were randomly 

selected, preserved, and later photographed. Head-width was calculated from these 

photographs using imageJ (Rasband, 2014). There was variation in both larval size and 

instar at the start of the experiment, but all larvae entered the experiment early in 

development and at small sizes (mean head width ± 1 SD: 1.8 ± 0.05 mm). Each rearing 

tank was filled with aged well water, and contained polypropylene rope and aquarium rocks 

for structure as well as leaf litter (again primarily oak) to provide structure and slowly 

released nutrients. All tanks were inoculated with a zooplankton culture established from the 

collection site, and provided with rabbit chow for nutrients.

Rearing tanks were set up in 8 blocks with each block containing three tanks: one ambient 

temperature, one + 2.5 °C above the ambient tank's temperature, and one + 5 °C above the 

ambient tank's temperature. Tanks within blocks were randomly assigned a location across a 

north-south gradient, for a total of 24 tanks. These temperature differentials were chosen to 

represent the 50 and 100-year climate projections for the study region (Cayan et al., 2009). 

Temperature was continuously monitored in each tank using a temperature sensor (CR1000; 

Campbell Scientific Inc., Logan UT); each experimental tank was equipped with a heavy-

duty aquarium heater (JBJ 500Watt True Temp for 100-160 gallons) which adjusted water 

temperature once/hour based on the temperature reading from the ambient tank. This 

experimental set-up allowed us to simulate warming in a realistic fashion, incorporating both 

daily and seasonal variation in temperature. Experimental warming began in late November 

2012 so that winter and spring developmental conditions could be manipulated. To minimize 

heat loss from the tanks, stabilize within tank temperature variation and avoid temperature 

gradients near tank edges, each tank was insulated using fiberglass insulation covered in 

Tyvek® HomeWrap® (DuPont, Wilmington, DE). To prevent colonization and minimize 

temperature gradients from surface warming, tanks were covered with 70% shade cloth 

attached to a wooden frame that held the cloth above the water. These shade cloth lids were 

secured tightly to the tanks to prevent colonization by tree frogs or other animals capable of 

climbing tank walls. Well water was added to tanks as necessary to keep tanks at a 
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consistent water level until winter rains began; rainfall penetrating the shade cloth 

eliminated the need to add additional water during the winter rainy season.

Adult morphology and survival to emergence

In April 2013, shade cloth lids were removed and each tank was covered with a mosquito 

net (Bryne nets, Inter IKEA Systems B.V., Delft, The Netherlands) to capture emerging 

dragonflies. Nets were checked at least once/day (twice/day when temperatures were 

especially warm), and all dragonflies that had emerged were gently removed by hand and 

placed into mesh cages (Minifångst, Inter IKEA Systems B.V., Delft, The Netherlands). 

Individuals were housed overnight in a climate-controlled room (21 °C) to allow the 

exoskeleton to harden and their wings to dry before additional handling. On the day after 

emergence, each individual was sexed, individually marked with a number on the wing 

using a permanent marker (Sharpie™ Ultra-Fine Point), and the width of the head, length of 

the thorax, and length of a forewing (the right or left wing was chosen haphazardly) 

measured with digital calipers (accurate to ± 0.001 mm). Thorax length was measured 

because it is a good proxy for thoracic mass in dragonflies that can be measured non-

destructively (McCauley, 2012). After one week in which no more emergers arose from the 

tanks, tanks were searched for remaining larvae and none were found. Nets were removed 

six days later. Survival was calculated in two ways for each tank: 1) the proportion of 

individuals that survived the larval stage, and 2) the proportion of those individuals that 

survived the larval stage, but failed to successfully emerge as adults (i.e., died during the 

process of metamorphosis).

Adult survival and dispersal

Extensive attempts to resight released adults did not produce sufficient data to make 

inferences about the effects of warming on adult survival or dispersal. Additional 

information on resighting methods and results are provided in the supplementary 

information (Methods/Results S1) and are not discussed further in text.

Statistical analysis

We first examined the rearing tank temperatures using repeated-measures analysis of 

variance (rmANOVA) on the daily average of each tank within each block to confirm 

effects of warming treatments on temperature. Next, we examined the response variables of 

larval survival, proportion of larval survivors that died during metamorphosis, emergence 

date (as ordinal day of the year), body size (a principal component score that included head 

width, thorax length, and forewing length, all of which loaded positively and strongly [all 

factor loadings 0.75-0.79] on a single axis that explained 60% of the variation in the data) 

and flight morphology by generated tank means within replicates. To assess whether flight 

morphology, particularly the relative size of the wings or thorax, was affected by warming 

we compared two ratios in individuals that successfully emerged across these treatments: 

forewing length:head width and thorax length:head width. We were unable to measure the 

mass of these individuals, another measure of relevance to flight performance, because 

accurate weight measurements required anesthetizing animals which can increase mortality, 

particularly in newly emerged odonates such as the ones we were working with (McCauley, 
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personal observation). It was necessary to transform one variable (proportion of failed 

emergers) by adding a constant then applying a log transformation to attain a normal 

distribution. All other response variables were normally distributed and all variables met the 

assumption of equal variance across treatments. Two blocks were removed from the analysis 

due to significant divergent survival effects in their ambient temperature tanks (we 

normalized survival within temperature, then examined the resulting distribution, with both 

of these ambient tanks appearing as outliers). At least one of these tanks became anoxic over 

the winter. Although the cause of mass mortality in the other tank is unknown, it is possible 

that we did not detect anoxic conditions due to intermittent winter sampling.

To test for effects of temperature on each response variable, we used rmANOVA with each 

experimental block acting as a single replicate (N = 6 replicates (sets of 3 treatment tanks) 

used). For every variable except survival, we also included an effect of the interaction 

between sex and temperature to determine if males and females responded differently within 

each temperature treatment, and to account for variation due to sexual dimorphism (Moore, 

1990). This approach creates an equally weighted average between males and females, 

regardless of the actual proportion of individuals of each sex within each tank. Because we 

do not know the sex ratio of the larvae that initially went into each tank, we could not test 

for an effect of sex on survival. Statistically significant rmANOVAs were followed up with 

post-hoc paired t-tests with Bonferroni corrections to allow for interpretation of which 

treatments were different from each other. This approach preserved the linked nature and 

variation present between the temperature treatments, with all based on the 6 ambient 

temperature tanks. The alpha level for statistical significance was set at 0.05 for all analyses.

Results

Temperature differences among treatments

Temperatures fluctuated naturally within treatments, because all experimental warming was 

based on ambient conditions (Fig S1a), but consistent differences of 2.5 °C and 5 °C above 

ambient were maintained in treatments (Fig. S1b).

Survival

Temperature had a statistically significant effect on larval survival, but no effect on the 

proportion of larval survivors that failed to complete emergence (rmANOVA, larval 

survival: F2,4 = 7.83, P = 0.041; proportion failing to survive through metamorphosis: F2,4 = 

0.37 P = 0.712). Larval survival was significantly lower in the high temperature treatment as 

compared to the ambient and medium treatments but did not differ between the ambient and 

medium treatments (paired t-tests: ambient vs. medium, t5 = 0.91, P = 0.405; ambient vs. 

high, t5 = 3.69, P = 0.014, medium vs. high, t5 = 4.19, P = 0.009, Bonferroni-adjusted P-

value = 0.017). For the proportion of individuals failing to successfully emerge, no pair-wise 

differences were present (paired t-tests: ambient vs. medium, t5 = 0.93, P = 0.394; ambient 

vs. high, t5 = 0.94, P = 0.389, medium vs. high, t5 = 0.19, P = 0.860).
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Phenology

Warming accelerated development and shifted the timing of emergence into the adult stage 

forward in the season. There was a statistically significant effect of treatment on emergence 

date (rmANOVA, F3,3 = 17.6, P = 0.021), with individuals from the high temperature 

treatment emerging earliest, followed by the medium temperature treatment and finally the 

ambient treatment (Fig. 1, paired t-tests: ambient vs. medium, t5 = 3.98, P = 0.011; ambient 

vs. high, t5 = 5.16, P = 0.004, medium vs. high, t5 = 5.33, P = 0.003, Bonferroni-adjusted P-

value = 0.017). There was also a significant effect of the interaction between temperature 

and sex on emergence date (rmANOVA, F3,3 = 14.13, P = 0.028), but this interaction effect 

is both less interpretable and more peripheral to our primary questions than the effect of 

temperature. Both average date of emergence and first date of emergence were dramatically 

shifted forward in warmed tanks relative to the ambient tanks (Fig. S2). Compared to the 

ambient treatment, the average date of emergence was 22 days earlier in the high treatment 

and 19 days earlier in the medium treatment. There were 12 days between the first 

emergence from the medium and high treatments (which had their first emergence events on 

the same day) and the emergence of the first individual from the ambient treatment.

Body size

There was no effect of temperature treatment on our composite measure of body size (Fig. 2, 

rmANOVA, F3,3 = 1.04, P = 0.488). However, there was a statistically significant 

interaction effect between sex and temperature (rmANOVA, F3,3 = 14.83, P = 0.026), with 

the trend for larger size with increasing temperature being stronger in females than males 

(Fig. 2). There were no statistically significant pair-wise comparisons between the sexes 

within treatments, so as with emergence date, we do not consider this interaction effect 

further.

Flight morphology

There was no significant effect of temperature on the ratio of forewing length to head width 

(Fig. 3a, rmANOVA, F3,3 = 0.41, P = 0.756) or thorax length to head width (Fig. 3b, F3,3 = 

1.72, P = 0.333). These ratios exhibited no significant interaction between sex and 

temperature (rmANOVA, forewing length:head width: F3,3 = 5.83, P = 0.091; thorax 

length:head width: F3,3 = 6.53, P = 0.079) although there are modest trends in these data 

suggesting that relative thorax size may be affected more strongly by temperature in males 

than females.

Discussion

We experimentally manipulated temperature in the developmental habitat of P. longipennis, 

simulating the expected thermal conditions for this region 50 (ambient +2.5 °C) and 100 

(ambient +5 °C) years in the future (Cayan et al., 2009) while incorporating the natural 

variation in temperature that organisms will continue to experience. Pachydiplax 

longipennis were strongly affected by the thermal environment of their developmental 

habitats: temperatures experienced in the aquatic environment affected larval survival and 

phenology. However, we did not observe the expected influence of temperature on overall 

body size: warmer treatments did not result in smaller adults at emergence. Not all of the 
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observed responses to changes in the thermal environment are necessarily negative (e.g., 

phenology shifts could be negative, neutral or even beneficial; O'Regan et al., 2014), but 

others, such as increased larval mortality at higher temperatures, clearly have the potential to 

negatively affect populations of this species. Our results provide evidence that the survival 

and development of larval dragonflies, and likely many other aquatic and semi-aquatic 

insects developing in pond environments, are altered by thermal regime shifts equivalent to 

the changes expected in this region over the next 100 years.

Experimental warming increased larval mortality. In the highest temperature treatment (+5 

°C above ambient), fewer than 50% of larvae survived to metamorphosis, while 

approximately 60% of larvae survived in the ambient and medium temperature treatments 

(medium was +2.5 °C above ambient; Fig. 2). This 10% difference in survival can have 

consequences for adult population size as well as for the magnitude of aquatic to terrestrial 

energy and nutrient transfers (Wesner, 2010) and other cross-ecosystem trophic connections 

(Knight et al., 2005). However, the underlying proximate causes of death in these larvae are 

unknown, as is typical in studies of mortality in response to stressors or in the wild 

(McCauley et al., 2011; Klaassen et al., 2014). One possibility is that mortality was a direct 

effect of temperatures exceeding the upper lethal limit (ULL) for the species. This scenario 

is unlikely based on the temperatures reached in this experiment and the generally high 

ULLs documented for dragonflies (~ 42 °C, Dallas & Rivers-Moore, 2012; Stewart et al., 

2013), including P. longipennis (44.5-45.8 °C, Garten & Gentry 1976). The highest 

temperature reached in our rearing tanks during the course of this study was 33.3 °C. Thus, 

it is unlikely that direct effects of temperature were primarily responsible for the mortality 

observed in this study.

If the increase in mortality observed in our highest temperature treatment is not due to 

exceeding the upper temperature maxima of the species, other factors related to temperature 

must be contributing to increase the risk of mortality. Changes in food resources are another 

possible explanation, but again, this appears to be unlikely to be a major explanatory factor. 

The primary food resource for larvae in our study was zooplankton. Although we did not 

quantify zooplankton abundance, qualitative observations across the season did not suggest 

any declines in zooplankton associated with temperature. Further, a recent laboratory study 

that manipulated both temperature and food abundance for larval P. longipennis found 

increased mortality at the higher temperature, but no effect of food abundance on mortality 

(M.Y. Chavez, J.I. Hammond, S.J. McCauley and K.E. Mabry, unpublished). Similarly, 

Janssens and Stoks (2013) found no interaction between food and temperature on mortality 

rates of damselfly larvae. Taken together, these results suggest that differences in food 

resources among treatments are unlikely to be driving our observation of increased mortality 

with temperature. Additionally, in the Chavez et al. (unpublished) study, larvae were housed 

individually so that cannibalism or intraguild predation could not be the driver of increased 

mortality. While trophic interactions among larvae may also change in response to 

temperature, and possibly contributed to the decreased survival in our high temperature 

treatment, it appears individual responses can be sufficient to increase mortality.

A remaining possibility is that temperature interacts with other stressors to increase the net 

risk of mortality. In other invertebrates, warming to temperatures below the ULL have been 
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associated with increased mortality (Folt et al., 1999; Flenner et al., 2010; Shama et al., 

2011; Pelini et al., 2012), and temperature can exacerbate the effects of other stressors (Folt 

et al., 1999; Schisler et al., 2000; Verbeck & Colosi, 2012) and decrease immune responses 

even when enhancing other aspects of performance (Karl et al., 2011). The presence of an 

intraguild predator can increase mortality with warming in some but not all species of 

odonates (Suhling & Suhling, 2013). For species that diapause in the larval stage, warming 

may prevent them from entering this diapause stage and may elevate metabolic costs and 

increase mortality (Hassall & Thompson, 2008). It is unknown whether P. longipennis in 

this region undergo larval diapause, and given the relatively warm winter temperatures of 

the Mediterranean climate where this study took place, this diapause is unlikely to be 

extensive. However, if even brief periods of diapause are broken this could contribute to the 

observed increase in mortality with warming. Larval dragonflies are subject to mortality 

from multiple causes: even our ambient treatment, which had the lowest mortality rate, had a 

larval mortality of nearly 40%. The increase in mortality observed with warming is likely to 

result from larvae becoming more sensitive to the factors causing mortality throughout the 

experiment when they are also subject to temperature stress. This suggests that 

understanding how multiple stressors, including temperature, interact to affect mortality may 

be critical to assessing the potential impacts of warming on population dynamics (Janssens 

& Stoks, 2013; Kimberly & Salice, 2013; Rohr & Palmer, 2013).

One of the most dramatic responses to warming that we observed was advancing phenology. 

Larvae from warmed tanks emerged significantly earlier than those from the ambient tanks, 

with a mean difference in emergence date between ambient and high temperature treatments 

of more than three weeks (Fig. 3), and 12 days elapsed between the first emergences from 

the warmed tanks (both high and medium) and the ambient tanks. The magnitude of the 

phenology shift observed here (onset of emergence was shifted forward 2.4 or 4.8 days/1°C 

of warming in the and medium and high treatments, respectively) is similar to that observed 

in a previous study of the effects of experimental warming on odonates, where a 6°C 

increase above ambient shifted the onset of emergence forward 28 days (a shift of 4.7 

days/1°C of warming; Richter et al., 2008). In the British odonates the phenology of the first 

quartile of adult emergence has been estimated to have advanced an average of 3.08 

days/1°C of warming since 1960 (Hassall et al. 2008), a level of phenological advance 

similar to what we observed. These strong seasonal shifts indicate that the timing of larval 

development in odonates is plastic and responsive to realistic changes in environmental 

warming expected within the next century. Differential phenological responses among 

species may be critical in determining the outcome of their interactions in the larval stage 

(Hassall & Thompson, 2008; Rasmussen et al., 2014).What are the potential consequences 

of such seasonal shifts for these animals? First of all, earlier emergence may expose fragile 

teneral individuals to unpredictable abiotic conditions, including weather events such as 

wind and rain. The Mediterranean climate of our study region has warm, dry summers that 

are generally hospitable to dragonflies. However, earlier emergence can expose individuals 

to late spring storms and adverse weather (e.g. Augspurger, 2013) that can negatively affect 

survival during metamorphosis and after emergence. Phenological shifts can also have 

consequences for interactions with other species (Yang & Rudolf, 2009) which may differ in 

their phenological responses to warming (Nilsson-Örtman et al., 2013). This may include 
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altering the size at which larvae interact and changing the outcome of intraguild predation 

(Suhling & Suhling, 2013; Rasmussen et al., 2014), a common interaction in odonates. 

Phenological shifts are often non-optimal (Miller-Rushing et al., 2010): species affected by 

climate change often shift their phenologies either too much or too little in relation to their 

prey, resulting in mismatches with species at other trophic levels (Visser & Both, 2005). 

Dragonflies are important predators in both the aquatic and terrestrial environments; larval 

P. longipennis prey upon zooplankton and other small invertebrates in the aquatic 

environment, and adults are major predators upon other insects. These predator-prey 

relationships may be affected by predicted climatic changes, because earlier emergence 

means that these dragonflies are transitioning from aquatic to terrestrial predators earlier in 

the year, altering the timing of nutrient exports to the terrestrial environment (Wesner, 2010) 

and the potential for trophic cascades across the aquatic-terrestrial divide (Knight et al., 

2005) .

We did not find the predicted effect of rearing temperature on overall body size at 

emergence – warmed dragonflies were not smaller than those reared under ambient thermal 

conditions, and the trend was actually in the opposite direction from predicted. It may be 

that the temperatures we reached in this experiment fall below those at which growth is 

maximized. A similar result was found in studies of European damselflies occurring across a 

broad range of latitude (Nilsson-Örtman et al., 2012) and may reflect the neotropical origins 

of P. longipennis (Corser et al., 2014). Alternatively, if small or slow-growing dragonflies 

are differentially vulnerable to the increased mortality observed with warming, selection 

through mortality could play a part in this pattern, but we do not currently know the traits 

associated with the dead individuals.

Our results indicate that environmental warming of an extent predicted to occur across the 

next century will affect freshwater insects such as the dragonflies we studied in both their 

larval aquatic phase and the number and timing of adults crossing into terrestrial 

environments. Exposure to temperatures 5 °C above ambient resulted in increased larval 

mortality, and increases of 2.5 °C or more led to more rapid development of larvae, and an 

advance in the phenology of the transition into the adult stage. Although the expected 

pattern of decreasing body size with increasing temperature was not observed, there are 

suggestions that warming may negatively impact adult survival and/or dispersal. This suite 

of changes suggests that the response of ectotherms developing in increasingly warm 

freshwater environments are multi-faceted and will likely affect population dynamics and 

community interactions, including connections between freshwater and terrestrial 

environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Warming of the aquatic developmental environment significantly advanced the timing of P. 

longipennis emergence (mean Julian day ± 1SE), the metamorphosis from the larval to adult 

stage, relative to the ambient thermal environment (all P < 0.02). Relative to the ambient 

treatment the mean date of emergence was 22 days earlier from tanks warmed 5°C above 

ambient and 19 days earlier in tanks warmed to 2.5°C above ambient.
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Fig 2. 
The body size (mean ± 1SE ) of adult P. longipennis emerging from experimental tanks did 

not differ between the three treatments (all P > 0.05); however, there is a non-significant 

trend of increasing adult body size with warming. Our size metric used a PCA to combine 

head-width, thorax length, and forewing length into a composite measure of body size.
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Fig. 3. 
a) Relative wing size (mean ratio ± 1SE of forewing to head width) was unaffected by the 

thermal conditions experienced by larvae (all P > 0.05). There was a non-significant trend of 

an interaction between sex and treatment (P = 0.091), but the pattern is difficult to interpret. 

b) Relative thorax size (mean ratio ± 1SE of thorax length to head width) was unaffected by 

the thermal conditions experienced by larvae (all P > 0.05). There was a non-significant 
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trend of an interaction between sex and treatment (P = 0.079) with relative thorax size in 

males appearing to be more affected by warming than in females.
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